The ability to recognize a previously encountered stimulus is dependent on the structures of the medial temporal lobe and is thought to be supported by two processes, recollection and familiarity. A focus of research in recent years concerns the extent to which these two processes depend on the hippocampus and on the other structures of the medial temporal lobe. One view holds that the hippocampus is important for both processes, whereas a different view holds that the hippocampus supports only the recollection process and the perirhinal cortex supports the familiarity process. One approach has been to study patients with hippocampal lesions and to contrast old/new recognition (which can be supported by familiarity) to free recall (which is supported by recollection). Despite some early case studies suggesting otherwise, several group studies have now shown that hippocampal patients exhibit comparable impairments on old/new recognition and free recall. These findings suggest that the hippocampus is important for both recollection and familiarity. Neuroimaging studies and Receiver Operating Characteristic analyses also initially suggested that the hippocampus was specialized for recollection, but these studies involved a strength confound (strong memories have been compared to weak memories). When steps are taken to compare strong recollection-based memories with strong familiarity-based memories, or otherwise control for memory strength, evidence for a familiarity signal (as well as a recollection signal) is evident in the hippocampus. These findings suggest that the functional organization of the medial temporal lobe is probably best understood in terms unrelated to the distinction between recollection and familiarity.
accompanied the encounter (such as the fact that you met at a conference in San Francisco last year). The degree to which the various structures of the MTL (hippocampus, dentate gyrus, and subicular complex, together with the entorhinal, perirhinal, and parahippocampal cortices) support these two processes of recognition memory is unresolved, and much recent research has focused particularly on the role played by the hippocampus.
By all accounts, the hippocampus plays an important role in the recollection process, but there is disagreement about whether or not it plays a role in the familiarity process. According to one view, the hippocampus is important for both recollection and familiarity [62] . In addition, the other structures of the MTL are assumed to contribute to both processes as well. By this view, bilateral hippocampal lesions would be expected to impair both recollection-based and familiarity-based recognition decisions. At the same time, even complete hippocampal lesions would be expected to spare some capacity for both processes (because adjacent MTL cortex also supports recognition memory). This view does not question the distinction between recollection and familiarity, nor does it assume that the different structures of the MTL have functionally identical roles. Rather, it holds that any functional differences that exist between MTL structures are not related to the distinction between recollection and familiarity.
According to another view, the hippocampus selectively and exclusively subserves the recollection process, whereas adjacent MTL cortex, the perirhinal cortex in particular, subserves the familiarity process [2, 8, 15] . By this view, complete bilateral hippocampal lesions would be expected to eliminate the capacity for recollection-based memory but have no impact on familiaritybased memory. A less extreme version of this same view holds that the hippocampus plays a larger role for recollection than it does for familiarity [10] .
To investigate the neuroanatomical basis of recognition memory in humans, lesion studies, neuroimaging studies, and single-unit recording studies have been used in conjunction with various behavioral methods that are designed to isolate performance based on recollection and familiarity. Three behavioral methods have been used in this regard, and they differ mainly in the degree to which they depend on contested assumptions about the nature of recollection. One approach, which is the least problematic, involves comparing the overall level of performance achieved by memory-impaired patients and controls on tasks that are differentially supported by recollection and familiarity. A second approach, which is somewhat more problematic, compares neural activity associated with individual recollection-based and familiarity-based decisions. A third approach, which is the most problematic, uses a specific dual-process model to directly quantify recollection and familiarity in patients and controls. Recent evidence from each of these lines of investigation is considered below.
Comparing performance on recollection-based vs. familiarity-based tasks
A well-established approach to investigating the role of the MTL in recognition memory has been to measure the relative degree of memory impairment exhibited by patients with hippocampal lesions on familiarity-based and recollection-based recognition tests. If the hippocampus subserves both memory processes, then performance on both kinds of test should be impaired to a similar degree, but if the hippocampus selectively subserves recollection, then performance on recollection-based tests should be differentially impaired. Typically, this approach has involved a comparison of performance on an old/new recognition task, which is widely thought to be supported by both recollection and familiarity, vs. performance on free recall, source memory, or associative recogni- Table 1 Behavioral methods commonly used to investigate recollection and familiarity.
Old/new recognition Targets ("old" items that appeared on the list) and foils ("new" items that did not appear on the list) are presented one at a time for either a binary old/new decision or for a confidence rating on a 6-point scale (1 = sure new, 2 = probably new, 3 = maybe new, 4 = maybe old, 5 = probably old, 6 = sure old) Forced-choice recognition Each target is presented with one foil (in the 2-alternative version) or with multiple foils (in the multiple-choice version), and the task is to select the target Remember/Know procedure A variant of the old/new procedure in which each "old" decision is followed by a subjective judgment indicating whether the decision was based on recollection ("Remember") or familiarity ("Know") Source recognition List items are presented with different source attributes which can be external (e.g., presented in a male or female voice) or internal (e.g., imagined as part of an indoor or outdoor scene). An old/new recognition test follows, and the task is to recollect the source attribute for any item declared to be "old" Associative recognition
Pairs of items are presented for study. On the recognition test, the task is to distinguish intact pairs (which appeared on the list) from rearranged pairs (consisting of items that appeared on the list but as part of different pairs) Free recall
The task is to recall items from the list in any order tion tasks, which are all thought to depend mainly on recollection (these and other commonly used memory tasks are described in Table 1 ). Because old/new recognition can be partially supported by familiarity, the question of interest is whether the performance of patients with hippocampal lesions is disproportionately better on an old/new recognition task in comparison to performance on one of the other recollection-based tasks. Such an outcome would not necessarily imply that familiarity is preserved because performance on these tasks can be differentially affected for reasons unrelated to the distinction between recollection and familiarity (e.g., [42] ). However, if old/new recognition performance is relatively unimpaired, it would be consistent with the idea that familiarity remains intact in patients with hippocampal lesions. Several case studies have investigated old/new recognition vs. free recall performance in patients with adult-onset bilateral lesions limited to the hippocampus according to quantitative magnetic resonance imaging. Although some have reported that old/new recognition memory is, indeed, relatively preserved (e.g., [3, 40] ), others have found that recall and recognition are both impaired [10] . Although case studies can offer suggestive evidence, group studies are more informative because the pattern of results from individual amnesic patients may reflect individual differences in recall vs. recognition that existed prior to the onset of amnesiadifferences that may also exist among unimpaired individuals (e.g., [71] ). In the absence of information about premorbid memory performance, the only way to address that possibility is to use a group design.
Group studies of patients with adult-onset hippocampal lesions have consistently shown that the degree of impairment is approximately the same when old/new recognition and free recall are compared [37, 39, 90] . For example, Manns et al. [39] studied six amnesic patients with quantitative radiological evidence of bilateral hippocampal damage and normal parahippocampal gyrus volumes. Fig. 1 shows the distribution of recall (percentage correct) and recognition (d ) scores for the seven amnesic patients and eight controls from Manns et al. [39] , where each symbol represents the score of an individual subject. It is apparent from the figure that recall and recognition are both impaired in the patients, and the degree of impairment is similar. When the raw scores are converted to z-scores to place them on a common scale, the mean amnesic zscores for recall and recognition were −1.83 and −1.91, respectively [82] . Both these scores reflect a considerable degree of impairment, and the degree of impairment does not differ depending on whether memory is tested by recall or recognition.
Kopelman et al. [37] studied three amnesic patients with damage limited to the hippocampus and two patients with damage that extended into the parahippocampal gyrus. This study also found that free recall and old/new recognition were impaired to a similar degree in both patient subgroups. Yonelinas et al. [90] studied 56 hypoxic patients with damage believed to be limited to the hippocampus (no radiological information was available) and reported that the patients performed better on old/new recognition than on free recall. However, this conclusion was later shown to result from the conspicuously aberrant performance of a single one of the 55 control subjects [82] . With that one aberrant score removed from the analysis, the patients and controls exhibited indistinguishable levels of impairment on recall and recognition (the recognition z-score for the patients was −0.59, whereas the recall z-score was a statistically indistinguishable −0.68). Thus, all the available group studies are consistent in showing that the degree of memory impairment in patients with lesions limited to the hippocampus is similar for old/new recognition (which is substantially supported by familiarity) and for free recall (which is fully dependent on recollection). Group studies involving other patient populations have sometimes reported that recall is more impaired than recognition. For example, Adlam et al. [1] reported this pattern in patients with developmental amnesia, and Tsivilis et al. [64] reported the same pattern in patients with reduced fornix and mammillary body volume. Nevertheless, group studies of patients with adult-onset hippocampal lesions have not found a differential recall deficit, which suggests that the hippocampus plays an important role in both recollection and familiarity.
Similar conclusions have been reached in group studies that compare performance on an old/new recognition task to performance on a recollection-based task that assesses source memory (Table 1) . Specifically, the degree of impairment exhibited by patients with limited hippocampal lesions is similar for old/new recognition and for source memory [24] . This finding is also consistent with the idea that the hippocampus plays an important role for both recollection and familiarity. The data for old/new recognition vs. associative recognition (yet another recollectionbased task, see Table 1 ) are more variable. Some studies suggest that performance on these two tasks is similarly impaired by hippocampal lesions [59] , some suggest that associative recognition is differentially impaired [32] , and some yield both patterns after manipulating seemingly unimportant procedural details [23] . Although the associative recognition data are variable for reasons that are not yet clear, the weight of evidence using this general approach (i.e., comparing performance on old/new recognition with performance on various recollection-based tasks) suggests that hippocampal lesions affect recollection-based and familiaritybased performance to a similar degree.
A related approach has involved comparing performance on old/new recognition and forced-choice recognition tests when highly similar targets and foils are used ( [40, 46] , see Table 1 ). The forced-choice condition in these experiments is often called the forced-choice "corresponding" (FC-C) condition because each target is paired with its similar foil. Thus, for example, a silhouette of a whale that appeared on the study list would be paired with a nearly identical silhouette of a whale that did not appear on the study list. Performance on the FC-C task is thought to be supported by familiarity to a greater extent than old/new recognition because of the correlated familiarity values of paired targets and foils. That is, on the FC-C task, the targets and foils appear together and will generate similar levels of familiarity, but the target item will have a familiarity signal that is slightly, yet reliably, stronger than its similar foil. Because of this small but reliable difference, familiarity can support good performance.
By contrast, in the old/new format, the strong familiarity of the foils will result in a large number of false alarms that can be overcome only by retrieving the memory of the target item (an act of recollection) and noting the small way in which it differs from the foil. If the hippocampus selectively supports recollection, then one would expect patients with hippocampal lesions to exhibit less impairment on the FC-C test than on the old/new test [46] . Two prior studies reported just this result, but one of the studies [27] involved only one hippocampal patient (Y.R.), and the other study [77] involved eight individuals with a diagnosis of mild cognitive impairment (MCI) for whom there were no anatomical data.
In two group studies, Bayley et al. [5] and Jenesen et al. [30] tested five patients with bilateral hippocampal lesions using the FC-C and old/new recognition test formats that were used in the two earlier studies [27, 77] . In addition, Jenesen et al. [30] included a forced-choice noncorresponding (FC-NC) test format in which targets were presented with dissimilar foils that were similar to other targets. As with the old/new format, good performance on the FC-NC format is thought to depend more on recollection than the FC-C format. Thus, if hippocampal damage impaired both old/new recognition and FC-NC recognition but spared FC-C recognition, it would suggest that the hippocampus selectively supports recollection. However, the patients were impaired on all types of recognition test, and there was no indication in either study that the patients were disproportionately benefited on the familiarity-based FC-C test. The fact that the FC-C test conferred no measurable benefit to the patients suggests that the hippocampus supports both recollection and familiarity.
It should be noted that the hippocampal patient Y.R. [27] , who exhibited preserved performance on the FC-C test and impaired performance on old/new recognition, is also one of the patients who exhibited relatively preserved old/new recognition compared to free recall [40] . Thus, this patient has consistently exhibited greater impairment on tasks that depend more on recollection. Why the performance of this single hippocampal patient differs from that of the group studies [5, 30] is not known. The difference may reflect different subgroups of hippocampal patients (based, for example, on neuropathology) but, as noted earlier, the difference might also simply reflect individual differences that are evident even in the data of unimpaired controls. For example, in Jenesen et al. [30] , we found that 2 of 14 unimpaired individuals exhibited distinctly better-than-average performance on FC-C tests but only average performance on old/new recognition. If such individuals sustained bilateral lesions of the hippocampus, they would exhibit the same differential pattern exhibited by patient Y.R. even if the hippocampus supports both recollection and familiarity. If such individual differences exist in both patients and controls, then the question of whether hippocampal damage typically affects recollection selectively should be addressed by a group design. The only group studies to have compared FC-C recognition to old/new recognition suggests that, for the typical hippocampal patient, impairment in the familiarity-based FC-C condition is comparable to that in the old/new (and more recollection-based) condition [5, 30] .
Neural activity associated with recollection-based and familiarity-based decisions
In the tasks described above, the objective was to measure the degree of impairment exhibited by patients with hippocampal lesions on tests that vary in how much they depend on recollection and familiarity. A second approach attempts to separate individual recollection-based decisions from individual familiarity-based decisions so that brain activity associated with the two processes can be directly compared (using fMRI or, less frequently, singleunit recording). The two most common methods in this regard are source memory procedures and the Remember/Know procedure (Table 1) . Confidence ratings have sometimes been used for this purpose as well. In these studies, as in most of the studies with amnesic patients discussed above, participants are typically presented with a list of items to study and are tested for their ability to remember the items following a short interval (usually on the order of a few minutes).
Source-memory procedures
Using a source-memory procedure, it is often assumed that items that are correctly declared to be old and followed by a correct source judgment (item-plus-source trials) reflect a recollectionbased decision, whereas items that are correctly declared to be old and followed by an incorrect source judgment (item-only trials) reflect a familiarity-based decision. In addition, list items that are mistakenly declared to be new (forgotten trials) are also assumed to reflect familiarity-based decisions, but it is supposed that familiarity was too low for these items to be recognized as old
If the hippocampus selectively supports recollection, then hippocampal activity should be greater for item-plus-source trials than for item-only trials (a recollection vs. familiarity comparison), whereas activity for item-only trials and for forgotten trials should be similar (a high-familiarity vs. low-familiarity comparison). By contrast, if the perirhinal cortex selectively supports familiarity, then perirhinal activity should be similar for item-plus-source and item-only trials (because they differ in the presence or absence of recollection), but activity should be greater for item-only trials than for forgotten trials (because these trials differ in the degree of familiarity). In studies in which scanning occurred during the study phase, findings like these have been commonly observed [11, 34, 47] , though Gold et al. [24] found elevated hippocampal activity for both item-only and item-plus-source trials. Similar results have also been observed when scanning was conducted during retrieval [9, 49, 76] .
One problem with these studies is that the comparison between item-plus-source trials and item-only trials is likely confounded with memory strength. Specifically, it is known that confidence in an old/new decision is reliably higher for items that are subsequently associated with correct source judgments than for items that are subsequently associated with incorrect source judgments [24, 57] . Thus, activity associated with strong, recollection-based decisions (item-plus-source) has typically been compared with activity associated with comparatively weak, familiarity-based decisions (item-only). This consideration is critical because activity in both the hippocampus and the perirhinal cortex has been shown to increase with memory strength [55] . In addition, recollection and familiarity are independent of memory strength. That is, one can experience a strong sense of familiarity-and high-confidence that an item is old -in the absence of recollection [38] . Thus, if the objective is to isolate recollection and familiarity, it is essential to control for memory strength.
Two recent studies have relied on the same source-memory procedure followed in the studies just discussed, except that these studies also took steps to address the strength confound that complicates the interpretation of prior studies. In one study [35] , scanning was conducted during the encoding of items, which were presented in context A or context B. Memory was subsequently tested using a 6-point confidence scale for both the old/new question (1 = "sure old" to 6 = "sure new") and the source question (1 = "sure source a" to 6 = "sure source B"). A first question was whether hippocampal activity would be evident when source rec- ollection was absent but old/new memory was strong (presumably because of strong familiarity). To address this question, Kirwan et al. [35] identified regions of the MTL in which activity varied as a function of item memory strength for decisions in which source memory strength was held constant at chance levels. Specifically, they identified activity that varied as a function of old/new confidence for those trials in which source confidence was at its lowest levels (3 = "Maybe Source A" or 4 = "Maybe Source B") and source accuracy was near chance levels.
This analysis is unique in that it includes old/new decisions made with the highest level of confidence (i.e., a confidence rating of 6, indicating strong memory) despite the absence of source recollection. That is, for these items, subjects indicated that they were certain that the item appeared on the list (an old/new confidence rating of 6) but were uncertain as to whether the item had originally come from Source A or Source B (a source confidence rating of 3 or 4). Using this approach, regions were identified in both hippocampus and perirhinal cortex in which activity varied as a function of subsequent item memory strength while source memory strength was held constant at chance levels (Fig. 3) . These results may suggest that activity in several structures of the medial temporal lobe (including the hippocampus) is predictive of subsequent memory strength, even when memory strength is based on familiarity. Kirwan et al. [35] also identified regions in both medial prefrontal cortex and right ventrolateral prefrontal cortex/insula in which activity varied as a function of subsequent source memory strength while item memory strength was held constant at its highest level (i.e., 6). This result suggests that it is activity in prefrontal cortex, not the MTL, that is predictive of subsequent recollection and that this activity is independent of item memory strength.
Wais et al. [74] conducted a conceptually similar study that measured activity at retrieval and that attempted to equate the memory strength of item-plus-source and item-only decisions. In this study, the old/new decision for each item was made using a 6-point confidence scale, and each old decision was followed by a binary source judgment ("Source A" or "Source B"). An item-plus-source decision occurred when an item had an old/new confidence rating of 4, 5 or 6 and was followed by a correct source judgment. An item-only decision occurred when an item had an old/new confidence rating of 4, 5 or 6 and was followed by an incorrect source judgment. Most correct source judgments were associated with old/new confidence ratings of 5 or 6, whereas most incorrect source judgments were associated with old/new confidence ratings of 4 or 5. That difference in average old/new confidence for correct and incorrect source decisions is the strength confound that has complicated most source memory studies. To eliminate this confound, Wais et al. identified areas of MTL activity associated with item-plussource and item-only decisions, but they limited the analysis to items with old/new confidence ratings of 5 or 6 (i.e., old decisions made with relatively high confidence regardless of whether source recollection occurred). The finding was that hippocampal activity associated with both correct source judgments and incorrect source judgments exceeded the activity associated with forgotten items and did so to a similar extent (Fig. 4) . These results identify both a recollection signal in the hippocampus (elevated activity associated with the item-plus-source condition) and a familiarity signal in the hippocampus (elevated activity associated with the itemonly condition). Unlike in the MTL, activation in prefrontal cortex increased differentially in association with source recollection even after equating for strength. 4 . Activity in left hippocampus identified for separate contrasts of correct source judgments vs. forgotten items and incorrect source judgments vs. forgotten items. To equate for memory strength, the source correct and source incorrect data were based on old decisions made with relatively high confidence (5 or 6 on a 6-point rating scale). Error bars for the two source categories represent the SEM of the difference scores for each comparison, whereas the error bar for the forgotten items represents the root mean square of the SEM values associated with the two individual comparisons (* denotes a significant difference relative to forgotten items, p-corrected < 0.05). From ref. [74] .
The studies discussed above used a source memory procedure to separate recollection-based from familiarity-based decisions. Although early fMRI studies using source memory procedures have specifically identified recollection-based activity in the hippocampus, subsequent studies that eliminated the strength confound [35, 74] identified familiarity-based activity in the hippocampus as well. These findings suggest that memory must be strong for activity to be reliably detected in the hippocampus by fMRI, whether memory is based on recollection or on familiarity. Perhaps fMRI is not sensitive to hippocampal activity when memory is weak.
Other measures of neural activity may be more sensitive for detecting hippocampal activity in association with weak, familiarity-based memories. For example, Rutishauser et al. [53, 54] measured activity in the hippocampus and the amygdala for itemplus-source and item-only decisions using depth electrodes in epileptic patients who were being evaluated for surgery. The finding was that some neurons in the hippocampus were sensitive to novelty (they increased their firing to new items), whereas other neurons were sensitive to prior occurrence (they increased their firing to old items). For both classes of neuron, the response to target items was most pronounced on item-plus-source trials and least pronounced on forgotten trials. However, unlike in the fMRI data, these neurons exhibited an intermediate response on item-only trials. These results provide evidence that hippocampal activity is associated with relatively weak, familiarity-based item recognition (activity that appears difficult to detect using fMRI).
Remember/Know procedure
An advantage of the source memory procedure is that it involves an objective measure of the presence or absence of recollection. A disadvantage is that whenever recollection does not occur (on item-only trials), the argument could be made that those correct old decisions were not based on familiarity but were instead based on the recollection of some detail about the item other than its source (e.g., the recollection of thoughts that occurred when the item was presented). If so, then what appears to be familiarity-based activity might instead reflect activity associated with undetected recollection. An alternative method that can potentially address that issue is the Remember/Know procedure, which is based on subjective reports of whether or not recollection of any kind is available when an item is judged old [20] . The Remember/Know procedure was originally intended to distinguish between episodic and semantic memory [65, 66] , but it is now widely used instead to distinguish between recollection and familiarity. Participants report Remember when they can recollect something about the original encounter with the item (e.g., its context, what thoughts they had), and they report Know when they judge the item to be familiar but cannot recollect anything about its presentation. In recent years, this convenient technique has frequently been used in neuroimaging studies in an effort to identify brain structures that underlie recognition memory processes.
A disadvantage of the Remember/Know procedure is that no objective measure of recollective success or failure is obtained. In addition, as discussed in detail below, this procedure is also compromised by a strength confound. Still, this approach may offer a useful supplement to the source memory method of separating recollection-based and familiarity-based memories (once the strength confound is eliminated).
In many neuroimaging studies, activity at encoding and activity at retrieval has been found to be elevated in the hippocampus for Remember judgments (e.g., relative to activity associated with forgotten items) but not for Know judgments (e.g., [3, 16, 17, 26, 27, 45, 70, 72, 90] ). This result is consistent with the idea that the hippocampus selectively subserves the recollection process. However, as with the source memory procedure discussed earlier, the Remember/Know procedure involves a well-documented strength confound. That is, when confidence judgments are obtained in the context of the Remember/Know procedure, it has been established that Remember judgments are generally associated with old decisions made with high confidence and high accuracy, whereas Know judgments are generally associated with old decisions made with lower confidence and lower accuracy [13, 14, 52, 65, 84] . Thus, the fMRI evidence suggesting that activity in the hippocampus is elevated for Remember judgments but not for Know judgments may reflect the fact that hippocampal activity is more readily detected for strong memories than for weak memories (whether recollection-based or familiarity-based). Indeed, much evidence suggests that Know judgments are actually associated with lesser degrees of recollection, not with the absence of recollection (e.g., [73] ). If so, then the frequent failure to detect hippocampal activity for Know judgments means that weak memory, even if it involves recollection, is hard to detect in the hippocampus using fMRI.
Wixted [81] pointed out that the strength confound in the Remember/Know procedure could be eliminated in much the same way that it has been eliminated in source memory tasks (e.g., [74] ). Some Know judgments (like most Remember judgments) are made with high confidence and high accuracy. The question is whether elevated hippocampal activity would be evident for these strong and largely familiarity-based memories. Eliminating the Remember/Know strength confound in this manner holds the promise of producing evidence that might be compelling to those who currently fall on different sides of this debate.
Directly quantifying recollection and familiarity
A third approach to investigating the neuroanatomical basis of recognition memory attempts to directly quantify the contribution of recollection and familiarity to the recognition decisions made by patients with hippocampal lesions and controls. This approach is typically based on a specific dual-process model proposed by Yonelinas [87] to estimate the proportion of old decisions that were based on recollection and also to quantify the average familiarity of the list items. One version of this approach computes quantitative estimates of recollection and familiarity from Remember/Know judgments (the widely used "Independence Remember/Know" method), and a related version computes these estimates from the Receiver Operating Characteristic (ROC). The effort to directly quantify recollection and familiarity in this manner depends on a psychological model that makes strongly disputed assumptions about the nature of recollection. Specifically, the model assumes that recollection is a categorical process that either occurs (with high confidence) or does not occur. If recollection is found to be a continuous process instead, then the estimates of recollection and familiarity derived from Remember/Know judgments or from ROC analysis would not be valid and could not be used to advance our understanding of the neuroanatomical basis of recognition memory.
Recent evidence suggests that recollection is not a categorical process but is instead a continuous process [31, 41, 53, 54, 56, 80] . The problematic assumption about the nature of recollection likely explains why the Yonelinas [87] model has been repeatedly disconfirmed in the experimental psychology literature during the past 10 years [22, 25, 29, 33, 50, 51, 57, 58, 60] . Still, the model remains in widespread use in the cognitive neuroscience literature as a way to quantify recollection and familiarity, and we turn now to a consideration of that work.
Remember/Know judgments
When the independence Remember/Know method is used, recollection is estimated directly from the Remember hit rate (i.e., the proportion of target items that received a Remember judgment), or it is estimated from an adjusted Remember hit rate (by subtracting from it the Remember false alarm rate). The strength of familiarity is estimated by computing a d' score from adjusted hit and false alarm rates associated with Know judgments. The adjusted hit rate is equal to the Know hit rate divided by 1 minus the Remember hit rate, and the adjusted false alarm rate is equal to the Know false alarm rate divided by 1 minus the Remember false alarm rate. With this method, Remember/Know studies of memory-impaired patients with MTL damage extending beyond the hippocampus have been interpreted as showing that both recollection and familiarity are impaired but that the familiarity impairment is less severe than the recollection impairment [88, 89] . Of particular interest, though, is the effect of hippocampal lesions per se on estimates of recollection and familiarity.
Three group studies have been performed using Remember/Know judgments with patients thought to have lesions limited to the hippocampus. Yonelinas et al. [90] studied 4 hypoxicischemic patients and found that estimates of recollection based on the Remember/Know procedure were impaired relative to controls, whereas estimates of familiarity were comparable in the patients and controls. No radiological evidence was available to quantify the extent of the lesions or to establish that they were limited to the hippocampus. Manns et al. [39] , by contrast, found that both recollection and familiarity estimates were reduced in seven patients with bilateral lesions limited primarily to the hippocampal region (quantified by magnetic resonance imaging). More recently, Turriziani et al. [69] reported no difference in recollection or familiarity deficits using this same procedure in four patients with bilateral damage limited to the hippocampus. However, they attributed the failure to find a differential deficit to statistical noise, and they interpreted other aspects of their results as supporting the idea that recollection is differentially impaired in these patients.
Why these studies differ in their findings is not altogether clear, but it is important to keep in mind that (a) the Remember/Know procedure suffers from a strength confound [13] , (b) Know judgments are not devoid of recollection [73] , and (c) the quantitative estimates of recollection and familiarity that are derived from Remember/Know judgments (using the Independence Remember/Know method) depend on the validity of a particular dual-process model that has been repeatedly rejected in recent years (e.g., [22, 25, 29, 33, 50, 51, 57, 58] ). In future studies, a better approach might be to use Remember/Know judgments equated for confidence and accuracy (to eliminate the strength confound) and also to avoid the use of any psychological model to estimate recollection and familiarity. For example, one could, assess the frequency with which patients with hippocampal lesions experience high-confidence, familiarity-based recollection (e.g., an experience like "I am certain that I have seen you before, but I just can't place you"). The differing views of MTL function make contrasting predictions of how often this experience should occur in patients with hippocampal lesions relative to controls.
If hippocampal lesions selectively impair recollection, then patients with hippocampal lesions should have the experience of high-confidence, familiarity-based recognition unaccompanied by recollection quite frequently -more frequently, in fact, than unimpaired controls. In unimpaired individuals, the experience of high-confidence familiarity-based recognition is relatively rare because, usually, when a very familiar item is encountered (e.g., a familiar face), details about the prior encounter are remembered as well. However, if hippocampal lesions impair recollection while leaving familiarity preserved, then hippocampal patients should experience a strong sense of familiarity as often as unimpaired individuals do but without the recollection typically associated with that experience. That is, they should, with unusual frequency, report being certain of having encountered a stimulus before without being able to recollect any associated details. Indeed, Holdstock et al. [27] seem to suggest that patient YR commonly has this experience:
It is therefore plausible to assume that YR's familiarity is unimpaired. This clear impression from the "Remember/Know" procedure of normal familiarity in YR is consistent with observations of her memory in daily life, which showed that her recall was poor, but that after she had encountered objects and other items (e.g., peoples faces) subsequent encounters produced a clear sense of familiarity (p. 349).
In the only study to experimentally address this issue, Kirwan, Wixted and Squire [36] investigated the experience of high-confidence familiarity-based recognition in five patients with circumscribed hippocampal damage. The question of interest was whether this experience occurred more often in patients than in healthy controls, as should be the case if hippocampal lesions selectively impair recollection. After studying a list of 25 words in one of two contexts (source A or source B), old/new recognition memory for the words was tested using a 6-point confidence scale (1 = sure new, 6 = sure old). For items endorsed as old, participants were asked to make a source recollection decision. Old decisions made with high confidence but in the absence of successful source recollection would correspond to high-confidence, familiarity-based recognition. The results showed no increased tendency for this experience to occur in patients relative to controls. Instead, if anything, it occurred less often in the patients. The simplest explanation for this result is that hippocampal damage impairs familiarity as well as recollection. This issue could also be investigated using the Remember/Know procedure (do hippocampal patients experience high-confidence Know judgments more often than healthy controls?), but the relevant experiment has not yet been performed. 
ROC analysis
Another method that has been used to quantify recollection and familiarity has been to fit the Yonelinas [87] dual-process psychological model to ROC data (this is the same model that is often used to estimate recollection and familiarity with the Remember/Know procedure using the independence method). An ROC is a plot of the hit rate versus the false alarm rate across different decision criteria. Typically, multiple pairs of hit and false alarm rates are obtained by asking subjects to provide confidence ratings for their old/new recognition decisions. A pair of hit and false alarm rates is then computed for each level of confidence, and the paired values are plotted across the confidence levels. The points of an ROC typically trace out a curvilinear path, one that may be symmetrical about the negative diagonal (Fig. 5A ) but is more typically asymmetrical about the negative diagonal (Fig. 5B) .
The dual-process model proposed by Yonelinas [87, 89] holds that the degree of asymmetry in an ROC directly reflects the degree to which the recollection process is involved in recognition decisions. Accordingly, a symmetrical ROC indicates that recognition decisions were based solely on familiarity, and an asymmetrical ROC indicates that recollection occurred for some of the items as well. Other data suggest that memory-impaired patients [89, 90] or rats with hippocampal lesions [18] produce symmetrically curvilinear ROCs (as in Fig. 2A) , whereas controls produce asymmetrical curvilinear ROCs (as in Fig. 2B ). This finding has been interpreted to mean that the recollection process is selectively impaired by hippocampal lesions.
Although patient and control ROC curves differ with respect to symmetry, they also differ in that memory-impaired patients have weaker memories than controls. In ROC data, this lower level of memory performance is manifest as an ROC curve that falls closer to the positive diagonal. This is an important consideration because in studies using unimpaired controls, the ROC typically becomes more symmetrically curvilinear as memory strength weakens ( [75] , see [22] for a review). If symmetry of the ROC is related to memory strength, then the observed difference in symmetry between impaired and unimpaired subjects may simply reflect the difference between weak and strong memories (not qualitative differences in the integrity of underlying recognition memory processes). Thus, a question of interest is whether a difference in symmetry would still be evident even after overall memory performance was equated.
To investigate this issue, Wais et al. [75] analyzed the ROC produced by a group of patients with lesions limited to the hippocampus under two conditions. In one condition, patients studied 50-item words lists, as did matched controls. As expected, the controls achieved a higher level of memory performance than the patients. In addition (again as expected), the control ROC was asymmetrical (Fig. 6C) , and the patient ROC was symmetrical (Fig. 6A) . This outcome replicated prior work and might be taken to mean that recollection is selectively impaired in the patients, but this same outcome could also simply reflect the weaker memory performance of the patients. To equate for overall memory strength, a list-length manipulation was used, capitalizing on the fact that shorter lists generally lead to better memory performance. Accordingly, in addition to the 50-item lists, the patients also studied (and were tested on) lists of 10 items, which increased their memory performance to a level similar to that of the controls who had studied a 50-item list. If the patients achieved that higher level of performance primarily on the basis of familiarity (as should be the case if recollection is selectively impaired), and if the degree of asymmetry in an ROC reflects recollection, then the patient ROC for the 10-item condition should still be relatively symmetrical (theoretically reflecting familiarity-responding, even when memory is strong). However, the result was that the patient ROC for the 10-item condition was as asymmetrical as that of the controls (Fig. 6B) . Thus, the difference in ROC symmetry for the patients and controls in the 50-item condition does not reflect a selective deficit in recollection but instead reflects a difference in overall memory strength.
The findings reported by Wais et al. [75] conflict with the findings of a conceptually similar study by Fortin et al. [18] , who tested odor recognition memory in rats and analyzed the shape of the ROC under different memory strength conditions. The ROCs in their experiment were produced by a biasing manipulation that consisted of varying both the reward magnitude for correct decisions and the effort needed to acquire the reward. Following a 30-min retention interval, control rats produced an asymmetrical, curvilinear ROC, and rats with hippocampal lesions exhibited weaker memory and produced a symmetrical curvilinear ROC. Quantitative estimates of recollection and familiarity obtained from fitting the Yonelinas [87] dual-process model to these ROC data suggested that recollection was impaired in the hippocampal rats and that familiarity was preserved. The results described up to this point are similar to what has been observed in humans, and the authors recognized that the difference might also simply reflect a difference in memory strength. 6 . ROC data produced by hippocampal patients in a recognition test following a 50-item word list (H-50) or a 10-item word list (H-10) and by controls following a 50-item word list (C-50). The slope of 1.14 for the H-50 ROC (A) was not different from 1.0 (p < 0.10), indicating that the ROC was symmetric. The slope of 0.83 for the H-10 ROC (B) and the slope of 0.83 for the C-50 ROC (C) were both less than the slope of 1.14 for the H-50 ROC ( 2 [1] ≥ 4.70, p < 0.05) and were significantly less than 1.0 by a one-tailed test ( 2 [1] ≥ 2.70, p ≤ 0.05). This result suggests that, once equated for strength, the component processes of recognition memory are comparable in patients and controls. From ref. [75] .
To evaluate the importance of memory strength, the authors included a second condition where memory strength was matched. This was accomplished by testing control rats after a 75-min retention interval, which yielded a level of recognition memory performance similar to that of the hippocampal rats tested after a 30-min retention interval. When this method of weakening memory is used in humans, the confidence-based ROC invariably becomes more symmetrically curvilinear [12, 19, 21, 67, 68, 75] . Thus, one might expect to find that the control ROC following the long retention interval in the odor recognition experiment would become symmetrically curvilinear as well (much like that of the hippocampal rats following a short retention interval). Instead, Fortin et al. [18] found that the ROC associated with the long retention-interval condition was not symmetrically curvilinear but was instead nearly linear. The dual-process model proposed by Yonelinas [87] interprets a linear ROC to reflect purely recollection-based responding. Accordingly, Fortin et al. [18] interpreted their findings for controls to mean that weak memory in the long-delay condition was based purely on recollection, presumably because familiarity faded rapidly as the retention interval increased. Because similarly weak memory in the hippocampal rats was associated with a symmetrical, curvilinear ROC (the signature of pure familiarity-based responding according to the Yonelinas dual-process model), Fortin et al. [18] concluded that the hippocampus selectively subserves the recollection process.
For several reasons, the meaning of this linear ROC is not clear. First, the linearizing effect of an increased retention interval on the shape of the ROC has never been reported previously in any study, even though the issue has been repeatedly investigated in humans and, occasionally, in experimental animals [79] . It is not clear why this result should occur uniquely for rats on an odor recognition task. Second, the model used to interpret the linear ROC as being indicative of recollection-based responding was developed to account for confidence-based ROCs in humans. In recent years, a large body of evidence has accumulated suggesting that the model is not valid (e.g., [25, 50, 57, 58, 60] ). Indeed, Bird, VarghsKhadem and Neil [6] recently showed that the ROC data produced by patient Jon (a developmental amnesic) implausibly suggested normal recollection and impaired familiarity, the opposite of what is suggested by Jon's impaired performance on tests of recall and much better performance on recognition tests. Third, recent evidence suggests that ROCs for human recognition memory produced by a biasing manipulation may sometimes be linear even on an ordinary old/new recognition task [7] , which most would agree involves a considerable degree of familiarity-based responding. Thus, the meaning of a linear ROC produced by a biasing manipulation is not clear and should probably not be taken to reflect purely recollection-based responding [83] . In any case, the results reported by Wais et al. [75] suggest that, in humans, the shape of the ROC is not affected by hippocampal lesions once overall memory strength is equated.
Discussion
A considerable body of evidence has seemed to support the idea that the hippocampus plays a selective role in recollection while having no role in familiarity. For example, several case studies of patients with hippocampal lesions suggested that performance on old/new recognition was less impaired than performance on free recall [3, 40] ; neuroimaging studies of source memory and Remember/Know judgments in unimpaired individuals suggested that hippocampal activity was elevated for decisions based on recollection but not for decisions based on familiarity (e.g., [3, 11, 16, 17, 47] ); and model-based quantitative analyses of ROC data and Remember/Know judgments produced by memory-impaired patients suggested that recollection was selectively impaired by hippocam-pal lesions (e.g., [90] ). All of these findings provided converging evidence that the psychological distinction between recollection and familiarity maps directly on to the distinct functions of the hippocampus and perirhinal cortex.
In light of more recent evidence, the sharp anatomical distinction between recollection and familiarity in the MTL has become much harder to sustain. First, group studies involving patients with hippocampal lesions have consistently shown that old/new recognition and free recall are similarly impaired ( [37, 39, 90] ; see [82] ). Because it is widely agreed that old/new recognition can largely be supported by familiarity, whereas free recall is supported only by recollection, and because group studies offer more compelling evidence than case studies, the current evidence using this approach cannot easily be reconciled with the proposal that the hippocampus selectively subserves the recollection process.
Second, neuroimaging studies that had seemed to find that recollection-based activity is consistently detectable in the hippocampus, whereas familiarity-based activity often is not, have involved a strength confound. That is, the recollection condition in these studies -such as Remember judgments or item-plussource decisions -likely involved stronger memories (i.e., old decisions associated with higher confidence) than the familiarity condition. As such, the results are equally consistent with the notion that activity associated with strong memories is more detectable in the hippocampus than activity associated with weak memories. Because familiarity-based memories can be strong, this alternative proposal merits serious consideration. Two studies that attempted to address this strength confound both reported that strong, familiarity-based memory is associated with increased hippocampal activity [35, 74] . This result again suggests that the hippocampus subserves familiarity as well as recollection, though more work is needed to definitively resolve this issue. Indeed, it could be argued that in the conditions thought to involve strong familiarity, undetected recollection occurred (thereby accounting for hippocampal activity that appeared to be based on familiarity). The Remember/Know procedure, which relies on subjective reports of the presence or absence of recollection, may be able to resolve this issue. Although the standard version of the Remember/Know procedure also involves a strength confound, the confound could be addressed by testing for evidence of hippocampal activity after Remember and Know judgments are equated for confidence and accuracy. If the hippocampus subserves familiarity, then hippocampal activity should be associated with high-confidence Know judgments (just as hippocampal activity is typically associated with high-confidence Remember judgments).
Finally, attempts to quantify recollection and familiarity using Remember/Know judgments and ROC analysis have yielded a mixed picture. This circumstance may be partly due to the fact that the approach is fully dependent on the validity of the quantitative psychological model that is typically used to interpret the results, i.e., the dual-process, threshold-recollection model proposed by Yonelinas [87] , and this model has been heavily questioned in recent years. As such, the estimates of recollection and familiarity generated by these methods are unlikely to be valid (e.g., [13, 14, 51] ). Still, even if the estimates themselves are not valid, one can ask whether memory-impaired patients and unimpaired controls yield qualitatively different patterns of data (for whatever reason), beyond what could be expected from a difference in memory strength alone. For example, regardless of whether or not valid estimates of recollection and familiarity can be obtained from ROC data, one can ask whether the ROC data produced by hippocampal patients and controls differ once memory strength is equated. If a difference does exist even after equating strength, then an explanation for that difference would need to be found.
In humans, the finding to date is that differences in the pattern of ROC data produced by patients and controls disappear once memory strength is equated [75] . In rats, a different story has been reported. Fortin et al. [18] equated strength in hippocampal rats and control rats by using different retention intervals (30-min vs. 70-min, respectively). The ROC produced by control rats following the long retention interval was linear and did not correspond to the symmetrically curvilinear ROC produced by the hippocampal rats. A linear ROC following a long retention interval has never been observed in humans despite a long tradition of ROC research. Instead, in humans, a long retention interval invariably yields a symmetrically curvilinear ROC (the pattern often produced by patients and rats with hippocampal lesions). The findings reported by Fortin et al. [18] could mean that the function of the rat hippocampus differs fundamentally from that of the human hippocampus, but further investigation is needed before drawing that unlikely conclusion [83] .
All of these considerations cast doubt on the idea that the functional organization of the MTL precisely coincides with the distinction between recollection and familiarity. It is worth asking whether an alternative view might better characterize the functional differences between the hippocampus and the adjacent structures that lie along the parahippocampal gyrus. Although a simple dichotomous functional distinction seems unlikely to apply, interesting clues about functional differences between the structures of the MTL have emerged from single-unit recording studies. For example, on some tasks, neurons in perirhinal cortex and the hippocampus differ in their response to novel stimuli and familiar stimuli. On these tasks, neurons in the perirhinal cortex tend to signal novelty by an increased their firing rate and then returning to baseline as an item is presented repeatedly and becomes more familiar. Hippocampal neurons have been reported to exhibit no such effect [48, 85] . This outcome was initially taken as evidence that the perirhinal cortex subserves familiarity, whereas the hippocampus plays no role in that process, but it now appears that hippocampal neurons can exhibit the same effect when more complex stimuli are used. For example, Wirth et al. [78] and Yanike et al. [86] recorded neural activity in the hippocampus and perirhinal cortex, respectively, of rhesus monkeys while they were repeatedly exposed to an initially novel scene (with no response required). Unlike earlier studies, they found that a similar proportion of neurons in the perirhinal cortex and the hippocampus initially exhibited elevated firing that subsequently decreased to baseline as the scene became more familiar (which occurred over the course of approximately 15 presentations). Yanike et al. [86] summarize these results in the following way: "Thus, we find that both perirhinal and hippocampal neurons represent information about the relative familiarity of the novel scene stimuli used in this task" (p. 1073). This result is consistent with what is a now a substantial body of work in amnesic patients suggesting that the hippocampus plays a role in the familiarity process [62] .
Yanike et al. [86] attribute the failure of earlier studies to find such a familiarity effect in the hippocampus to the fact that most of those studies used stimuli consisting of simple geometric shapes. In contrast, Wirth et al. [78] used complex scenes. These findings suggest that task-specific details may determine whether the hippocampus and perirhinal cortex are differentially engaged in familiarity, and they would appear to weigh against the simple notion that one structure plays a role in familiarity and that the other plays no role whatsoever. Why different stimuli engage these two structures in different ways in not yet clear, and further work is needed to clarify this issue.
In addition to recording neural firing in response to repeated presentations of the same stimulus, Wirth et al. [78] and Yanike et al. [86] also recorded neural activity as monkeys learned locationscene associations. After viewing a complex scene, the monkeys were required to fixate on one of four screen locations to receive a reward, and their ability to remember the correct location increased with training. This associative learning task cannot be solved on the basis of familiarity alone and instead requires cross-modal (i.e., stimulus-motor or stimulus-location) associative learning, a capacity often thought to be specific to the hippocampus. We construe this task as an associative cued-recall task (perhaps more akin to semantic memory in humans than episodic memory), and, as discussed earlier, recall is generally thought to be supported by the recollection process. That is, in response to a learned scene, the monkey presumably recollects the correct screen location and makes an eye movement to the appropriate quadrant. Wirth et al. [78] found that hippocampal neurons signal newly learned associations by changing their firing rate in a way that correlated with the animal's behavioral learning curve. This result is to be expected based on a large body of evidence suggesting that the hippocampus is involved in the recollection process. However, Yanike et al. [86] reported a similar result for perirhinal neurons, which suggests that the perirhinal cortex also plays a role in recollection.
In both the hippocampus and perirhinal cortex, some cells signaled learning by a significant change in their level of activity relative to baseline, whereas other cells did so by returning to baseline levels of activity as learning progressed. Although the perirhinal and hippocampal neurons were broadly similar in that respect, perirhinal neurons were more likely to code these newly learned associations by returning to baseline firing rate, whereas hippocampal neurons were more likely to code the associations by maintaining a firing rate that differed from baseline. These differences suggest that the two structures are not functionally identical, but it is too soon to know what these findings suggest about the functional differences that may exist.
Still another difference between the hippocampus and the perirhinal cortex lies in the degree to which the two structures code information in stimulus-specific or more abstract forms. Whereas perirhinal neurons often respond in a stimulus-selective manner [43, 44] , the neurons of the hippocampus are less stimulus-selective and are more likely to signal prior occurrence, regardless of which stimulus is presented (e.g., [63] ). Again, such findings suggest that the structures of the MTL do not play functionally identical roles, but the apparent differences between them do not seem to be related to the distinction between recollection and familiarity. An overemphasis on the distinction between recollection and familiarity may have drawn attention away from what may prove to be more productive lines of inquiry into the functional organization of the MTL. The last decade has witnessed a robust debate organized around the distinction between recollection and familiarity. One hopes that the next decade will witness a similarly robust inquiry organized around the subtle but intriguing differences in the firing properties of neurons in the hippocampus and the adjacent structures of the MTL.
